Glucose-6-phosphatase-β (G6Pase-β or G6PC3) deficiency, also known as severe congenital neutropenia syndrome 4, is characterized not only by neutropenia but also impaired neutrophil energy homeostasis and functionality. We now show the syndrome is also associated with macrophage dysfunction, with murine G6pc3 -/-macrophages having impairments in their respiratory burst, chemotaxis, calcium flux, and phagocytic activities. Consistent with a glucose-6-phospahte (G6P) metabolism deficiency, G6pc3 -/-macrophages also have a lower glucose uptake, and lower levels of G6P, lactate, and adenosine-5'-triphosphate than wild type macrophages. Furthermore, the expression of reduced nicotinamide adenine dinucleotide phosphate oxidase subunits and membrane translocation of p47 phox are down-regulated, and
G6Pase-β deficiency, there is also neutrophil dysfunction, but in the absence of the systemic metabolic abnormalities in GSD-Ib. 1, 7, 8 We have now investigated if similar macrophage dysfunction occurs in G6pc3 -/-mice.
Macrophages play key roles in innate immunity, inflammation, and tissue remodeling. 14, 15 During pregnancy, macrophages also influence the homeostasis of the developing placenta, and are important in preventing premature fetal rejection. [16] [17] [18] We hypothesized that this dysfunction would manifest as macrophage-mediated pregnancy-associated complications. In GSD-Ib this issue has been difficult to address because of the loss of blood glucose homeostasis. In this study, we show that G6pc3 -/-macrophages do exhibit impairments in respiratory burst, calcium flux, chemotaxis, and phagocytic activities. As predicted, glucose uptake and levels of G6P, lactate and adenosine-5'-triphosphate (ATP) are markedly lower in G6pc3 -/-macrophages, compared to the controls. The G6pc3 -/-macrophages also exhibit reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity. The macrophage trafficking in vivo is depressed in G6pc3 -/-ascites during an inflammatory response, and consistent with our hypothesis, the number of decidual macrophages in G6pc3 -/-matings is significantly lower than in wild type matings. Finally, in pregnant G6pc3 -/-mothers, the uterus exhibits impaired energy homeostasis and, overall, the G6pc3 -/-mice exhibit reduced fertility. Together these findings suggest that the G6Pase-β deficiency leads to cellular dysfunction that extends beyond neutrophils to macrophages and can impact multiparous reproductive health, highlighting the importance of endogenous glucose production in other tissues outside of the gluconeogenic organs.
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Methods

Isolation of mouse macrophages and cytokine assays
Animal studies were conducted under a protocol approved by the NICHD Animal Care and Use Committee. Bone marrow (BM) cells were isolated from the femurs and tibiae of 6-to 8-weekold wild type and G6pc3 -/-mice in the C57BL/6J background 8 and blood samples were collected from the heart using EDTA-containing CAPIJECT tubes (TerumoMedical Co.). Erythrocytes were removed by lysis using the Ack lysing buffer (Quality Biologicals) and BM and blood leukocyte counts were determined using the Guava Viacount reagent in a Guava EasyCyte Mini System (Millipore). The proportion of monocytes (SSC intraperitoneally with 3% thioglycollate broth (1 ml/25 g body weight) 3 days prior to peritoneal lavage with 7 ml pre-cooled phosphate-buffered saline (PBS). The lavage was centrifuged at 600 × g for 10 min at 4 °C to pellet cells, and the supernatant used for cytokine analysis. The proportion of macrophages in the cell pellet was estimated to be 80-90% by flow cytometry analysis using anti-F4/80/anti-CD11b antibodies in the Guava EasyCyte Mini System. For functional analysis, macrophages were further purified using CD11b Microbeads (Miltenyi Biotec). Briefly, freshly isolated wild type and G6pc3 -/-macrophages were incubated with CD11b Microbeads for 15 min at 4 °C and the mixture passed through a MACS cell separation column (Miltenyi Biotec). The macrophages were eluted with PBS, supplemented with 0.5% (w/v) bovine serum albumin and 2 mM EDTA, pelleted, resuspended in the appropriate buffer, and used for functional assays. The purity of the enriched macrophages was analyzed by flow cytometry using anti-F4/80 and anti-CD11b antibodies in the Guava EasyCyte Mini System.
The cytokines monocyte chemoattractant protein 1 (MCP-1) and macrophage colonystimulating factor (M-CSF) were quantified using Quantikine ELISA kits (R&D Systems).
Respiratory burst, calcium flux, chemotaxis and phagocytosis measurements
The respiratory burst of macrophages was monitored by luminal-amplified chemiluminescence using the LumiMax Superoxide Anion Detection kit (Stratagene) and Victor Light 1420
Luminescence counter (PerkinElmer Life & Analytical Sciences) as described previously. 7, 8 Macrophages in LumiMax SOA assay medium were activated with 200 ng/ml of phorbol myristate acetate (PMA) (Sigma-Aldrich). Intracellular calcium concentration in peritoneal macrophages suspended in HBSS, containing 20 mM HEPES, pH 7.4, was measured using the FLIPER calcium 3 assay kit component A (Molecular Devices). The ligand, leukotriene D4, The phagocytic activity of macrophages was measured by the uptake of red fluorescent pHrodo E. coli bioparticles (Invitrogen) as described by Wan et al. 20 with modification. Briefly, 5 × 10 6 macrophages were suspended in 100 µL of HBSS containing 20 mM HEPES, pH 7.4 and mixed with 20 µL of pHrodo E. coli bioparticles. The mixture was incubated for 30 min at either 37 °C, for uptake activity, or 0 °C for background activity. Following incubation, macrophages were washed twice with component C (Invitrogen), resuspended in 500 µL component C and analyzed by flow cytometry using the Guava EasyCyte Mini System. Flexstation II Fluorometer. To determine uterine G6P, lactate, and ATP contents, gestation day-15 uterine tissues were homogenized in RIPA buffer (Thermo Scientific), and G6P in the uterine lysates was measured using a kit from BioVision. Uterine levels of lactate and ATP were determined using the lactate and ATP Assay kits (BioVision) as describe above.
Immunohistochemical analysis
Mouse placentas were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 10 micron thickness, and rehydrated. The endogenous tissue peroxidases were quenched with 0.3% hydrogen peroxide in methanol for 30 min and the endogenous avidin/biotin was blocked using the Avidin/Biotin Blocking Kit (Vector Laboratories). For staining, blocked sections were incubated with a rat monoclonal antibody against F4/80 (Abcam), followed by biotinylated antirat IgG (Vector Laboratories) and the resulting complexes detected using an ABC kit and DAB Substrate, from Vector Laboratories, according to the manufacturer's instructions. Sections were counterstained with hematoxylin before mounting.
Statistical analysis
The unpaired t test was performed using the GraphPad Prism Program, version 4 (GraphPad Software). Values were considered statistically significant at P less than .05.
Results
G6pc3
-/-macrophages exhibit impaired trafficking
We examined whether monocyte or macrophage counts are reduced in G6pc3 -/-mice. In the BM, in the absence of external stimuli, monocyte counts of 6-to 8-week-old wild type and G6pc3
-/-mice were statistically (P = 0.17) similar ( Figure 1A ). Similarly, BM macrophage counts, while low, were also indistinguishable between the two populations ( Figure 1B ). In the blood, while monocyte counts did not differ between wild type and G6pc3 -/-mice, macrophage counts for
-/-mice were significantly lower, being only 33.8% of wild type ( Figure 1B ). This suggests a trafficking defect in the G6pc3 -/-macrophages. Following the induction of experimental peritonitis by peritoneal injection of thioglycollate, 23 monocyte counts in both BM and blood remained statistically similar between wild type and G6pc3 -/-mice ( Figure 1A ). In contrast, while the BM macrophage counts remained unchanged statistically (P = 0.86 ), blood macrophage counts increased, but proportionately, with the counts in G6pc3 -/-mice still remaining 34.4% of those of the control mice ( Figure 1B ). As expected, the number of macrophages in the peritoneal space increased significantly upon induction with thioglycollate in both the wild type and G6pc3 -/-mice. However, the trafficking defect was still clear, with 9.1 ± 1.0 × 10 6 cells in the peritoneal space of wild type mice compared to 5.1 ± 0.5 × 10 6 , in the peritoneal space of G6pc3 -/-mice ( Figure 1C ). Despite the differences in peritoneal macrophage accumulation, flow cytometry analysis using F4/80 and CD11b antibodies showed that both wild type and G6pc3 -/-peritoneal cell populations were similar, consisting of 80-90% macrophages ( Figure 1D ). Both populations were also morphologically mature macrophages ( Figure 1D ).
The recruitment of monocytes/macrophages to a site of injury or inflammation is mediated by cytokines, including MCP-1 24, 25 and M-CSF. 26 These cytokines are produced both by monocyte/macrophages and by peritoneal tissues. [27] [28] [29] [30] [31] When experimental peritonitis was induced by peritoneal injection of thioglycollate, quantitative real time RT-PCR analysis showed that the expression of transcripts for MCP-1 and M-CSF were similar for both wild type and
-/-peritoneal macrophages ( Figure 1E ), suggesting no impairment of cytokine expression by these cells. However, measurement of cytokine protein concentrations in the peritoneal exudates, showed a difference, with the levels of MCP-1 and M-SCF in G6pc3 -/-mice being 38.6% and 70%, respectively of that in the control mice ( Figure 1F ), suggesting peritoneal tissue expression is modified by the G6Pase-β deficiency. Therefore impairment in peritoneal macrophage recruitment in G6pc3 -/-mice might result from reduced local production of MCP-1 and M-CSF as well as reduced numbers of peritoneal macrophages.
G6pc3 -/-macrophages exhibit impaired function
Previous studies have shown that G6pc3 -/-neutrophils exhibit enhanced ER stress and apoptosis. 7, 8 We therefore examined the expression of molecular chaperones in the unfolded protein response signal transduction pathway 32 in freshly isolated peritoneal macrophages from G6pc3 -/-and control mice. Western blot analysis showed that G6pc3 -/-and control macrophages expressed similar levels of molecular chaperons, GRP78, 32 GRP94, 32 and GRP170 22, 32 (Figure 2A ), indicating that freshly isolated G6pc3 -/-macrophages do not exhibit accelerated ER stress. As expected by that finding, the viability of freshly isolated G6pc3 -/-and control macrophages estimated by annexin V and PI binding were statistically similar ( Figure 2B ). Studies have shown that macrophages are inherently resistant to apoptosis. 33, 34 We therefore examined survival of G6pc3 -/-and control macrophages after culturing in vitro for 36 h in the absence or presence of the apoptotic stimulus, BFA. 21 While both G6pc3 -/-and wild type macrophages underwent increased rate of apoptosis during culturing in vitro, G6pc3 -/-macrophages exhibited an accelerated rate of apoptosis, compared to wild type macrophages both in the absence or presence of BFA ( Figure 2B ). Consistent with the enhanced rates of G6pc3 -/-macrophage apoptosis, levels of active caspase-3 35 were consistently higher in G6pc3 -/-macrophages than those in control macrophages during culturing in vitro both in the absence or presence of BFA ( Figure 2C ).
For functional studies, the peritoneal macrophages were enriched by CD11b selection.
The viability of the CD11b-enriched macrophages from control and G6pc3 -/-mice, estimated by annexin V and PI binding, were indistinguishable ( Figure 2D ). In wild-type macrophages, superoxide production was markedly increased by exposure to PMA while in G6pc3 -/-macrophages, the PMA-stimulated superoxide production was markedly reduced ( Figure 2E ), implying G6Pase-β expression in macrophages is important for the respiratory burst activity.
Similarly, mobilization of calcium in response to leukotriene D4 19 was impaired in G6pc3 -/-peritoneal macrophages relative to controls ( Figure 2F ). Moreover, peritoneal macrophages from wild type mice exhibited a greater dose-dependent chemotactic response to exogenous MCP-1 or M-CSF than peritoneal macrophages from G6pc3 -/-mice ( Figure 2G ).
The phagocytic activity of the peritoneal macrophages was examined by measuring the uptake of pHrodo E. coli bioparticles. The particles, which are not fluorescent at the neutral pH of growth media, fluoresce bright red when phagocytosed into the acidic intracellular environment. 20 Flow cytometry analysis showed that the bioparticles were internalized 1.34-fold more efficiently by wild-type macrophages than the G6pc3 -/-macrophages ( Figure 2H ), consistent with an impairment in phagocytosis.
G6pc3
-/-macrophages exhibit reduced glucose uptake and levels of G6P, lactate, and ATP
One role of G6Pase-β is to regulate the amount of available cytoplasmic glucose/G6P. 8 The
CD11b-enriched peritoneal macrophages from wild type mice took up 2-DG from the culture medium at a rate 1.5-fold greater than macrophages from G6pc3 -/-mice ( Figure 3A ).
Macrophages express both GLUT1 and GLUT3. 36 Quantitative real-time RT-PCR analysis showed that the expression of GLUT1 was ~16-fold higher than that of GLUT3, indicating GLUT1 is the major glucose transporter in peritoneal macrophages ( Figure 3B ). The mRNA levels of GLUT1 and GLUT3 in macrophages of G6pc3 -/-mice were, on average, 79% and 61%, respectively, of the levels in macrophages of their age-matched control littermates ( Figure 3C ).
Western blot analysis confirmed the reduction in total macrophage GLUT1 and GLUT3 protein ( Figure 3D ). Moreover, flow cytometry analysis showed that the membrane associated GLUT1
and GLUT3 were also decreased in G6pc3 -/-macrophages, compared to the controls ( Figure 3E ).
Consistent with the reduced 2-DG uptake, intracellular levels of G6P, lactate, and ATP in G6pc3 -/-macrophages were 43.1%, 74.8%, and 82.4%, respectively of the levels in control macrophages ( Figure 3F ). In summary, G6pc3 -/-macrophages exhibit impaired glucose uptake and harbor reduced intracellular levels of G6P, lactate, and ATP, compared to control macrophages. Figure 4A ). Western blot analysis confirmed the reduction in gp91 phox , p22 phox , and p47 phox proteins ( Figure 4B ). Activation of NADPH oxidase requires the translocation of the p47 phox subunit to the plasma membrane. 39 Flow cytometry analysis showed that the expression of membrane associated p47 phox was decreased in G6pc3 -/-macrophages, compared to the controls ( Figure 4C ). In conclusion, the impaired respiratory burst inherent of the G6pc3 -/-macrophages correlates with the impairment of both the expression and activation of NADPH oxidase in the hexose monophosphate shunt pathway.
Impaired expression and activation of NADPH oxidase in
G6pc3 -/-mice exhibit reduced fertility
To examine whether macrophage trafficking in vivo was impaired during pregnancy, we conducted a series of controlled mating between 8-to 10-week-old male and female mice. Mice with the appropriate G6pc3 genotype were paired, and each pair was maintained in a monogamous relationship for three consecutive pregnancies. As expected, the fertility of wild type and heterozygotes were indistinguishable and the results of Across the entire study, the average number of pups per litter for wild type matings was statistically larger than those of the knockout matings ( Figure 5A ). In the virgin mating, wild type and knockout matings yielded 7.4 ± 0.4 and 5.1 ± 0.4 pups per litter, respectively ( Figure   5A ). Over the next two serial matings the trend remained consistent, the wild type matings yielding 8.6 ± 0.4 and 8.9 ± 0.5 pups per litter, respectively, while the knockout matings maintained an average of 4.3 ± 0.5 and 4.9 ± 0.6 pups per litter ( Figure 5A ). The uterine sacs reflected this difference with each wild type uterine sac containing an embryo ( Figure 5B ) while for knockout matings, one or more placentas had no embryos ( Figure 5B ).
The initial rate of conception for wild type and knockout matings were statistically similar, averaging 26 ± 2 and 29 ± 5 days, respectively to conception. For wild type matings, the intervals between subsequent pregnancies also remained similar, averaging 29.0 ± 2 and 26 ± 2 days for the next two pregnancies ( Figure 5C ). In contrast, the knockout fertility decreased progressively, from 29 days for the virgin mating to 40 and 47 days, respectively, for the 1 st and 2 nd interval between pregnancies ( Figure 5C ).
Reduced uterine production of cytokine, G6P, lactate, and ATP in G6pc3 -/-pregnancies
When macrophages recruited to the placental deciduas at 15 days of gestation were compared, immunocytochemical analysis showed wild type matings accumulated almost 5-fold more F4/80 positive macrophages than the knockout matings ( Figure 5D ). Macrophage recruitment to the blood was unaffected by pregnancy which is reflected by the similar levels of reduction in blood macrophage counts in G6pc3 -/-mice at gestation day-15 ( Figure 5E )
Both MCP-1 and M-CSF are expressed at high levels in the uterus during pregnancy. 40, 41 To determine whether uterine tissue expression and/or macrophage expression plays the major role in recruiting macrophages to the decidua during pregnancy we undertook quantitative realFor personal use only. on April 20, 2017 . by guest www.bloodjournal.org From time RT-PCR analysis. Transcript levels of each cytokine measured in uterine tissue was normalized to the respective transcript level in macrophages isolated during thioglycollateinduced peritonitis. The MCP-1 transcripts in uterine tissues of wild type mice at day-15 of gestation were ~2.6-fold higher than the levels in G6pc3 -/-mice ( Figure 5F ). In both wild type and knockout mice, the uterine MCP-1 transcripts were 6.9-and 2.7-fold higher, respectively, than the macrophage transcripts. The M-CSF transcripts in uterine tissues of wild type mice at day-15 of gestation were ~1.5-fold higher than the levels in G6pc3 -/-mice ( Figure 5F ). In both wild type and knockout mice, the uterine M-CSF transcripts were 252-and 173-fold higher, respectively than the macrophage transcripts. ELISA analysis confirmed that the decrease in uterine MCP-1 and M-CSF protein levels in G6pc3 -/-mice, compared to the controls ( Figure 5G ).
G6Pase-β, which is ubiquitously expressed, regulates the amount of available cytoplasmic glucose/G6P that impacts cellular energy homeostasis in all tissues outside the gluconeogenic organs. 8 We hypothesized that during pregnancy, when demand for glucose is increased, the uterus in pregnant G6pc3 -/-mothers could exhibit impairment in energy homeostasis. Indeed, intracellular levels of G6P, lactate, and ATP in uterine tissues of G6pc3 -/-mice at day-15 of gestation were 61.4%, 74.6%, and 66.0%, respectively of the levels in the uterine tissues of wild type mice at day-15 of gestation ( Figure 5H ).
For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From Discussion G6Pase-β (or G6PC3) deficiency is classified as a severe congenital neutropenia syndrome, SCN4, although recent work has also unveiled underlying neutrophil dysfunction. 3, 7, 8 However, the enzymatic deficiency in G6Pase-β does not impact blood glucose homeostasis or manifest any of the metabolic disorders seen when the closely related protein, G6Pase-α is deficient. 1, 9 This reflects the distinct difference in tissue expression between the two proteins. While G6Pase-β does not contribute significantly to liver, kidney or intestine G6P metabolism, its ubiquitous expression leads to key roles outside those tissues, in which G6Pase-α is absent. A murine model for G6Pase-β (G6PC3) deficiency has been generated 7 and G6pc3 -/-neutrophils have been shown to exhibit impairments in respiratory burst, chemotaxis, calcium mobilization, and phygocytosis activities, 7, 8 mimicking the myeloid phenotype of GSD-Ib deficient in G6PT. 1,9,10 Human G6PC3-deficient neutrophils have also been shown to exhibit impaired respiratory burst activity. 3 Both human and murine G6PC3-deficient neutrophils exhibit impaired energy homeostasis, which underlies neutrophil dysfunction. 8 In previous work it was shown that there are three primary pathways that compete for intracellular glucose/G6P in neutrophils, namely: glycolysis; the hexose monophosphate shunt;
and a recently reported cycling of G6P/glucose between the cytoplasm and ER. 8 The latter pathway is mediated by the G6Pase-β/G6PT complex. Functionally, G6Pase-β enzyme activity and G6PT activity are co-dependent and an inactivating mutation in one inactivates the other.
1 GSD-Ib patients, deficient in G6PT not only manifest neutrophil dysfunction, but also macrophage dysfunction. 12,13 Therefore we hypothesized that G6pc3 -/-macrophages would also exhibit similar dysfunction and that disruption of ER cycling of G6P/glucose should lead to accumulation of G6P in the ER, and prevent release of glucose back to the cytoplasm. This is then predicted to limit cytoplasmic glucose/G6P availability and impact glycolysis and hexose monophosphate
shunt, which in turn should impair additional blood glucose uptake ( Figure 6 ). Moreover, given the key role that macrophages play in ensuring a successful pregnancy, [16] [17] [18] we predicted that G6PC3 deficiency may also impact fertility and pregnancy. Our findings are consistent with this and ATP levels stimulate uptake of blood glucose by inducing the translocation of GLUT1 to the plasma membrane. 42, 43 Consistent with this, we showed that the reverse also holds, namely the lower levels in G6pc3 -/-macrophages impair the expression and membrane translocation of GLUT1/GLUT3, which in turn impairs additional blood glucose uptake. We also predicted that as a result of the lower cytoplasmic G6P concentration, the hexose monophosphate shunt pathway would be impacted, and this was seen in the reduction of NADPH oxidase activity in the G6pc3 -/-macrophages. The impaired energy metabolism in G6pc3 -/-macrophages leads to dysfunction, characterized by impairment in their respiratory burst, calcium flux, chemotaxis, and phagocytic activities, similar to those observed with G6pc3 -/-neutrophils. 7, 8 Macrophages are inherently resistant to apoptosis, 33, 34 and unlike G6pc3 -/-neutrophils, freshly isolated G6pc3 -/-macrophages do not exhibit enhanced apoptosis. 7, 8 However, when G6pc3 -/-macrophages are cultured in vitro they do exhibit an accelerated rate of apoptosis, compared to wild type macrophages, both in the absence or presence of an apoptotic stimulus, BFA.
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BM macrophage counts were similar between wild type and G6pc3 -/-mice but blood macrophage counts in G6pc3 -/-mice were 34% of wild type counts, suggesting a defect in macrophage trafficking. To investigate the implications for dysfunctional macrophages and their trafficking, we examined two different immune challenges -an artificially-induced inflammatory response to peritoneal injection of thioglycollate and a naturally induced response to pregnancy.
Upon thioglycollate induced peritonitis, recruitment of cells into the peritoneal space was significantly inhibited with G6pc3 -/-mice accumulating 44% less cells than their wild type littermates, although for both wild type and G6pc3 -/-mice 80-90% of recruited cells were macrophages. Likewise, blood macrophage counts in G6pc3 -/-mice were only 34.4% of wild type counts during thioglycollate elicited peritonitis. There was a similar impact in physiological responsiveness during pregnancy, with a 77% decrease in F4/80-reactive macrophages being recruited to the decidual tissue. During recruitment in response to an inflammatory signal, phagocytic cells respond to the presence of inflammatory cytokines. MCP-1 is one of the key chemokines that regulate migration and infiltration of monocytes/macrophages. 24, 25 M-CSF promotes differentiation and maturation of tissue macrophages and acts as a chemoattractant for these immune cells. 26 MCP-1 and M-CSF are produced by a variety of cell types, including endothelial, fibroblasts, epithelial cells as well as monocytes and macrophages. [27] [28] [29] [30] [31] Analysis of the exudates in the thioglycollate-induced peritoneal space showed a 61% and 28% decrease in the levels of MCP-1 and M-CSF, respectively, in G6pc3 -/-mice compared to wild type levels, consistent with the lower levels of macrophage recruitment.
During pregnancy, MCP-1 and M-CSF transcripts are expressed in the uterus and the levels correlate with recruitment of macrophages into the uterus. 40, 41 In humans, local production of M-CSF is increased in tissues at the maternal-fetal interface during the time of implantation. 44 Likewise, the concentrations of M-CSF in the murine uterus increase markedly during pregnancy. 45 Moreover, M-CSF-null mice have severely depleted macrophage populations and fertility defects. 46 Macrophages play key roles in pregnancy, assisting in decidual homeostasis, placental development, and the prevention of fetal rejection via the effective removal of apoptotic trophoblasts during implantation. [16] [17] [18] G6Pase-β plays an essential role for energy homeostasis in both neutrophils 8 and macrophages. Each of these cell types requires a high level of energy production to support their function. Since macrophages perform essential function in the uterus during a successful pregnancy, we hypothesized that uterine energy homeostasis could also be disturbed in G6pc3 -/-mice, leading to decreased production of MCP-1 and M-CSF, which may in turn reduce macrophage recruitment to the deciduas.
Consistent with this, we show that uterine levels of G6P, lactate, and ATP in G6pc3 -/-mice are significantly lower than those in wild type mice. Moreover, uterine levels of MCP-1 and M-CSF are reduced in G6pc3 -/-mice. Both the dysfunctional macrophages and impaired uterine energy homeostasis correlate with reduced fertility in G6pc3 -/-mothers.
In conclusion, we have shown that the loss of G6Pase-β activity in the disorder G6PC3 deficiency/SCN4 has implications beyond neutropenia, neutrophil dysfunction, increased
For personal use only. on April 20, 2017 . by guest www.bloodjournal.org From visibility of superficial veins, congenital heart defects, and urogenital malformations reported previously. [2] [3] [4] 7, 8 The ER-localized G6Pase-β expression is also important for energy homeostasis both in macrophages and the uterus during pregnancy. The G6Pase-β defect leads to impairment of macrophage respiratory burst, chemotaxis, calcium flux, and phagocytosis, and reduced production of uterine MCP-1 and M-CSF during pregnancy. The macrophage trafficking in vivo both during an inflammatory response and pregnancy is depressed in G6pc3 -/-mice, leading to a reduction in fertility in G6pc3 -/-mice. Our findings support the hypothesis that G6Pase-β deficiency underlies a broader cell dysfunction. Given the ubiquitous expression of the G6Pase-β /G6PT complex, we anticipate that some of the other secondary defects observed in G6Pase-β deficiency/SCN4 may also reflect loss of glucose metabolism within tissues that require levels of glucose beyond those supplied by the blood. experiments. **P less than .005, *P less than .05. 
G6pc3
-/-(n = 8) mothers at gestation day-15. (H) Uterine G6P, lactate, and ATP levels in wildtype (n = 8) and G6pc3 -/-(n = 8) mothers at gestation day-15. Data represent the mean ± SEM. **P less than .005, *P less than .05. Glucose transported into the cytoplasm via GLUT1 and GLUT3 is metabolized by hexokinase (HK) to G6P which can participate in glycolysis, hexose monophosphate shunt (HMS) pathway, glycogen synthesis, or be translocated into the lumen of the ER by the G6PT. In normal macrophages, G6P localized within the ER lumen can be hydrolyzed by G6Pase-β and the resulting glucose transported back into the cytoplasm to reenter any of the previously mentioned cytoplasmic pathways. However, in G6pc3 -/-macrophages, which lack a functional G6Pase-β, ER-localized G6P cannot be recycled to the cytoplasm. Consequently, G6pc3 -/-macrophages exhibit reduced glucose uptake and impaired energy homeostasis, leading to impaired functionality. The GLUT1 and GLUT3 transporters, responsible for the transport of glucose in and out of the cell, is shown embedded in the plasma membrane. The G6PT transporter, responsible for the transport of G6P into the ER and G6Pase-β, responsible for hydrolyzing G6P to glucose and phosphate, are shown embedded in the ER membrane.
